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Abstract 
The experimental results presented in this paper demonstrate an opportunity for phase analysis of the surface layers of 
heterogeneous solids using the energy spectra of secondary ions (ESSI). The resultant ESSI from performing layer-by-layer 
sputtering of thin-film systems using a stationary N2+ primary ion beam are presented and discussed. As examples of such 
studies, the depth distributions of the chemical compositions were studied on ZnO/Zn and InxAsyOz/InAs. An analysis of the 
simultaneous change in depth of both secondary molecular ion intensities and secondary atomic ion energy distributions (with 
reference to the target) enables the identification of separate phases.  
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1. Introduction 
Recently, technical developments in secondary ion mass spectrometry (SIMS) methods have moved in the 
direction of determining elemental composition distributions of scanned surfaces with a sprayed ion beam, which 
reduces the amount of time spent on element analysis and increases the depth resolution during layer-by-layer 
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analysis. Installations for this research field use expensive (pulsed) sources of primary ions and expensive equipment 
registration of secondary ions (for example, the European installation TOF mentioned in Nikitenkov et al. (2012) 
costs more than € 1 million). The purpose of this paper is to demonstrate the opportunities of phase analysis using a 
stationary primary ion beam, which is much less expensive. There are no works that have used the energy spectra of 
secondary ions (ESSI) for this type of analysis. However, in many studies from the 1990s and 2000s, for instance, 
Nikitenkov (2011), it was demonstrated that the results of ESSI while sputtering heterogeneous targets under certain 
experimental conditions are subject to several well-defined laws. Note that heterogeneous materials are understood 
here as solid materials consisting of components (phases) with different physical and chemical properties that are 
separated by a sharp surface section. Each of the phases constituting the heterogeneous system is homogenous and 
large enough to be treated by thermodynamic concepts. The three laws are as follows: 
 
x ESSI X+ results obtained by sputtering a heterogeneous target are a linear superposition of the individual ESSI X+ 
results obtained from each homogeneous component treated as an independent target (where X is a chemical 
element that is present in all the homogeneous components); 
x Homogeneous components of the target appear in the ESSI X+ spectrum as features (e.g., individual peaks and 
plateaus) at specific energies that depend on the geometry of the experiment and the parameters of the ion beam; 
and 
x The energies at which these features are observed are directly proportional to the Gibbs energies of formation 
(ΔG) of the corresponding components of the heterogeneous targets; ΔG~Em, where Em is most probable energy 
in the energy spectrum.  
2. Experimental Features 
The three laws described above are only applicable for certain geometry orientations of the experiment. The basic 
geometry (to allow for measurements of the energy spectra of the individual component phases in the heterogeneous 
target) is the scheme presented in Fig. 1 (the entire SIMS scheme is presented in the monograph of Nikitenkov 
(2011)). The experimental properties used in our setup are: a primary beam angle of sight Ɵ0=(15±2)° and a solid 
angle of the secondary ion selection Ɵ=(40±2)°; the sum of the angles Ɵ+Ɵ0=55° remains constant. The energy of 
the primary beam is E=7 keV, and the current density of the primary beam should provide a static (but nearly 
dynamic) sputtering mode. The N2+ beam was used at a current density J~10-5A·cm-2, and the pressure in the 
vacuum analytical camera was P~5·10-6 Pa. The energy analyser’s resolution was ΔЕ/Е= 0.0007–0.003.  
Fig. 1. The shape of the electrodes near the target: 1 – target, 2 – primary beam, 3 – normal to the target surface, 4 – flat grounded electrodes,  
5 – cosine distribution of sputtered particles in the beam initially normal to the surface, 6 – solid angle of the selection of the secondary ions, 
7 – the entrance slit of the energy analyser, 8 – energy analyser, and 9 – lens. 
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To date, the results of the ESSI obtained while performing sputtering of the following heterogeneous targets 
shown in Fig. 2 were studied: 
 
 
Fig. 2. The schemes of sputtering of feasible heterogeneous target types: a, b – type 1, 2; c, d – type 3. 
1 – normal to the target surface; 2 – primary ions; 3 – secondary ions;  4 – energy analyser; 5 – the target and ΔG i (i = 1, 2, 3), which represent 
the Gibbs energies of formation of the homogeneous components in a heterogeneous system, respectively: (a, c) –  sectional view of the crater 
and (b, d) – top view of the crater. 
x Multiphase materials (type 1). For example, the materials resulting from polymorphic transformations and other 
phase transitions in metals, particularly when a target at the transition temperature includes areas of different 
phases described by Koval’ and Mel’nikov (1984), Bachurin et al. (1982), and Abramenko et al. (1984). 
x Metal materials containing micro-inclusions in the form of compounds with the target material as one of their 
main components (type 2). Such targets often result from ion implantation in metals, when various compounds 
with the parent metal as their main component appear in the surface layer of the metal at depths down to the 
range of ions. The results of our studies of these targets were published in the papers of Nikitenkov et al. (1988), 
Koishibaev et al. (1990), Zavodchikov et al. (1985, 1986), Vershinin et al. (1991), and Maksimova. et al. (1991). 
Another example of such targets are refractory tungsten carbide alloys (tungsten carbide particles in a cobalt 
metal matrix), which we investigated using a set of methods for the ESSI patterns presented by Mashtakova et al. 
(1988). The scheme of sputtering of such targets is illustrated in Fig. 2 (a, b). 
x Thin-film “sandwiches” (type 3). First, in such systems, the electrical properties of the films only slightly deviate 
from the metal ones, and second, the thickness of each film is small enough that the process illustrated in Fig. 2  
(c, d) is realised; that is, it is possible for the analysing beam to sputter two or more films simultaneously.  
 
In addition to the work concerning BSS systems on silicon, implanted layers, and tungsten carbide alloys, type 2 
systems were studied by mixing a thin-film system (TFS) of Au/Cu, Cu/Mo using high-power ion beams (using a set 
of methods: X-ray phase analysis (XPA), auger electron spectrometry (AES), SIMS, scanning electron microscopy 
(SEM)), and type 3 systems, TFS on metals and semiconductors (ZnO/Zn, NbO/Nb, InxAsyOz/InAs, InP/GaAs, 
Au/V/GaAs), were also studied. 
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In this paper, we present results of study for systems of the type 3 ("oxide on metal" and "oxide on 
semiconductor") to build a proof of notions of the ESSI pattern presented in introduction (p.1). The analysis method 
of such systems is protected by a copyright certificate of Nikitenkov et al. (1988). 
3. Results and Discussion  
3.1. ZnO/Zn system 
The ZnO/Zn system was studied by Kositsyn et al. (1984) using ESSI and SIMS methods, and the spectra from 1 
to 200 amu were obtained while performing layer-by-layer sputtering of the samples at various depths from the 
surface for 5 hours at equal time intervals; as many as 15 resultant ESSI and mass spectra were acquired from each 
of the five samples. In addition, the ESSI results of sputtering single ZnO crystals grown via a hydrothermal method 
from high purity grades of zinc metal were measured under the same experimental conditions. Fig. 3 presents 
characteristic Zn+ ESSI results obtained at different time intervals after the sputtering started. 
Fig. 3. (a): Zn+ ESSI dependencies while performing the layer-by-layer sputtering of the ZnO/Zn system: 1 – from the ZnO film surface; 2 – from 
the bulk of the film; 3 – with simultaneous sputtering of the lower film layer and the substrate; 4 – from the substrate after complete etching of 
the film by a probing beam; 5 – sputtering of single ZnO crystal (sputtering time 1.5-2 hours, changes are not observed); 6 – the result of 
subtracting curve 4 from curve 3 and 
(b): change in the yield of some ions in the layer-by-layer sputtering of ZnO/Zn system: 1 –  C2H3+,  2 – CO+, 3 – ZnO+, 4 – ZnOH+. The 
complete etching of the film by a probe beam corresponds to ~240 min. 
These curves did not always appear at the same time after the sputtering began in the experiment repetitions: the 
difference in time was 10–20 minutes (it is caused by some differences in the thickness of the oxide films). In 
addition, the repeats were not always equal in intensity: the difference amounts to ~10%. However, the overall 
pattern of overtime change of the curves and their characteristic features (shape, presence of 3 peaks in curve 2) 
were observed in all repetitions of the experiment. Error along the ordinate axis shown in the figures, the relative 
error on the horizontal axis is not more than 2%. 
 
The laws of general shape changes of the curves depending on the time of sputtering are as follows. Curve 1 
corresponds to the sputtering of the top dielectric layer of the film and curve 2 corresponds to the simultaneous 
sputtering of the components of the film, with a singularity at ~130 eV; the 3 peaks in curve 2 were observed in all 
the repetitions. Curve 2 corresponds to the simultaneous sputtering of the components of the film, and the 
singularity at 130 eV corresponds to ions that evolve from ZnOHCO3; a maximum at ~70 eV corresponds to 
Zn(OH)2 ions, and a maximum at ~50 eV corresponds to ZnO ions. Such identification of curve 2 maxima is 
302   Nikolay N. Nikitenkov et al. /  Physics Procedia  66 ( 2015 )  298 – 304 
confirmed by two factors: first, the maximum at 50 eV is also observed in the Zn+ ESSI results during ZnO-crystal 
sputtering (curve 5), and second, the change in the values of the most probable energy (Em) in the Zn → ZnO → 
Zn(OH)2 → ZnOHCO3  series qualitatively corresponds to the same change in the Gibb’s energy (ΔG) of formation 
for these compounds and to the molar enthalpy for their formation, as observed by Perel’man (1964). 
 
The correlations between ΔG and Em in the ESSI results were also observed in several studies and were discussed 
in particular by Okajima (1984). Curve 3 corresponds to the simultaneous sputtering of the lower layer of the film 
(which is ZnO) and the metal Zn substrate. First, this statement is based on a well-known fact that in such systems, a 
layer located directly on the metal surface is a lower oxide of this metal; second, when we subtract spectrum 3 from 
spectrum 4 (corresponding to metal Zn), we obtain spectrum 6, with the most probable energy shape and size 
repeating spectrum 5 (corresponding, as already mentioned, to ZnO). The difference in intensity between curves 5 
and 6 (both corresponding to the sputtering of ZnO) can be obviously explained by the fact that curve 3 was 
obtained during simultaneous sputtering of Zn and ZnO, and curve 5 was obtained during sputtering of ZnO only. 
Consequently, curve 6 corresponds to the sputtering of a smaller area of ZnO than curve 5 (the cross-section of the 
primary beam by the sample surface in all the experiments remains the same). The layer-by-layer locations of the 
components of the film were identified using this method, with the bottom layer of ZnO being confirmed by kinetic 
curves of the C2H3+, CO+, ZnO+, ZnOH+ shown in Fig. 3, b. Indeed, during sputtering, we observed a rapid decrease 
in the intensity of ions containing C and H, while the yield of ZnO remained almost unchanged.   
3.2. InxAsyOz/InAs system 
Corresponding to the existing reference database, the combination of oxide films on InAs includes the following 
indium compounds (their Gibb’s heat energies of formation ΔG are presented in parentheses in kcal·mole-1): In2O3 
(203), InAsO4 (140), In2O (18.9), InО (23), and InAs (12.5). From this list, the oxide film is composed of 2 indium 
compounds with ΔG values of more than 100 kcal·mole-1 (i.e., compounds with strong bonds) and 3 indium 
compounds with ΔG values of less than 100 kcal·mole-1 (i.e., compounds with weak bonds). Our experiments and 
the works of other authors such as Koval’ and Mel’nikov (1984) have established that the most probable energy 
value of Еm in ESSI when sputtering the homogeneous compounds is proportional to the ΔG of these compounds. 
The oxide films on polished samples of InAs were obtained by anodic oxidation. The oxide film thickness was 
≈1200 Å. The experiment was repeated 5 times. While sputtering the oxide film’s upper layers, a complex mass 
spectrum was observed that included, in particular, lines from the following ions: In+, As+, In3О+, In2О3+, InО+, 
InОН+, In2AsО+, and In2AsО2+. These curves clearly correspond to the compounds mentioned above. 
 
Fig. 4а presents 4 (out of 20) secondary ion In+ energy spectra obtained by layer-by-layer sputtering of the 
samples at various depths from the surface. Curve 1 corresponds to the spraying of the topmost oxide film layer, 
curve 2 corresponds to volume spraying of the oxide film, curve 3 corresponds to the moment at which the 
interrogation beam reached the substrate, and curve 4 corresponds to the case when the oxide on the InAs surface 
remained only in the form of “islands”. 
  
These islands, in the form of multi-coloured mosaics, were observed with an optical microscope after the samples 
were removed from the analytical camera. By comparing the ESSI peak energy values to the ΔG values and 
analysing the intensity dependencies of the peaks in the ESSI from the sputtering time (Fig. 4b), it can be easily 
determined that the ESSI peak in the range from 0–10 eV is defined by ions from the oxides with weak bonds, with 
the peak corresponding to an energy of ≈30 eV being contributed by the ions from InAs, and the “timing dome” 
from 50–80 eV being related to ions from the oxides with strong bonds. 
 
Fig. 4b shows the kinetics of these peaks during the sputtering, which describes the distribution of the 
corresponding chemical compounds as a function of the depth from the sample’s surface. The intensities of the mass 
curves (not shown) are similar to the dependencies observed in Fig. 4b. For example, the intensity curves of the 
In3О+, In2AsО+, and In2AsО2+ ions follow curve 1; the intensity curves of InО+ and InОН+ change similarly to curve 
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2 as the interrogation beam reached the substrate and to curve 3 on the plateau at d >1300 Å; and the intensity 
curves corresponding to the ions In2+, In3+, InAs+, and In2As+ appear or considerably rise in the mass spectra. 
Fig. 4. (a) In+ ESSI dependencies, (b) In+ ESSI individual peak intensities from the sputtering time while performing the layer-by-layer sputtering 
of a 1200-Å-thick oxide film on InAs: 
(a): 1– topmost film layer, 2 – film volume, 3 – when the interrogation beam reached the substrate, 4 – oxide in the form of islands. 
(b): 1 – peaks of ions with the strong bonds (~50–60 and ~80–85 eV), 2 – peaks of ions with the weak bonds (~10 eV), and 3 – InAs ion peak 
(~30 eV). 
Based on all of the obtained data, it can be established that the film predominantly includes the oxides only to depths 
of ≈200 Å from the surface, and oxides with weak bonds are present in the substrate. This fact is also confirmed by 
the works of other authors, such as Sigmund (1980), which indicate that the formation process of the oxide film on 
InAs begins with the formation of oxides with strong bonds. 
 
4. Conclusions 
We have demonstrated that, provided certain experimental features are taken into consideration, ESSI 
peculiarities provide an opportunity to study the chemical and phase distribution of subsurface layers of 
heterogeneous systems. 
  
To improve the determination and location of compounds in heterogeneous systems using the ESSI method, it is 
necessary to improve the energy resolution characteristics (a technically difficult task) while also developing a 
detailed database of energy parameters (Gibbs energies) for all possible compounds that include the chemical 
elements of the systems under study. In the near future, it will be valuable to create an ESSI decoding database 
similar to those that are now accessible for Raman spectra or X-ray phase analysis decoding. 
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